Abstract -At the submerged margins of the North Atlantic, andesitic to dacitic and basaltic volcanic rocks occur together. The silicic rocks were derived by processes requiring the presence of continental crust (crustal anatexis and/or contamination of mafic magmas) while the majority of the basaltic lavas had little or no contact with continental crust. We report 40 Ar-39 Ar incremental heating ages for several dacitic and basaltic rocks recovered from three offshore localities of the North Atlantic Igneous Province. Dacitic lavas and tuffs at the southeast Greenland margin and trachytic lavas in the Scottish Hebrides erupted contemporaneously with basaltic lavas at 62-61 Ma. In contrast, the silicic lavas from the northern Rockall Trough (offshore western Scotland) and the Vøring Plateau (offshore Norway) erupted at ~55 Ma followed shortly by basaltic volcanism. At this time, silicic magmatism at the southeast Greenland margin had ceased and only oceanic basalts were erupted. Similarly,~55 Ma lavas on the southwest Rockall Plateau are wholly basaltic. The compositions of all of the dated silicic volcanic rocks are consistent with derivation from partial melting of either continental crust or sediments. The heat necessary for partial melting appears to have been provided by basaltic magmas. Therefore, the existence of the silicic rocks indicates the presence of continental crust as well as a stable tectonic environment that allowed the stagnation and pooling of basaltic melts within the crust. With this in mind, it is apparent that at 62-60 Ma, both western and eastern sides of the present North Atlantic margins were characterized by extensional environments within continental crust that were restrictive to the passage of mafic magmas. By 55 Ma, at the time of continental breakup, the proximal margins at southeast Greenland and the Rockall Plateau were devoid of continental crust. But the presence of 55 Ma silicic magmatism on the eastern North Atlantic margin can be attributed to a broader zone of magmatism and sediment-filled Mesozoic rift basins.
Introduction
The Tertiary opening of the North Atlantic Ocean was accompanied by widespread, voluminous, predominantly basic magmatism. Lava flows, dykes and intrusive centres associated with this event, collectively known as the North Atlantic Igneous Province (hereafter referred to as the NAIP), are preserved on West and East Greenland, the Faeroe Islands and the northwestern British Isles (Fig. 1) . In addition to these subaerially exposed sections, a large portion of the province lies offshore either along the continental margins of the North Atlantic where thick sections of lava flows are seismically imaged as wedges of seaward-dipping reflector sequences (SDRS: see, for example, Eldholm & Grue, 1995) , or as extrusive and intrusive centres in sediment-filled rift basins that lie to the north and northwest of the British Isles. While the composition of the offshore lavas is generally basaltic, an unknown but perhaps significant proportion comprises silicic lavas and tuffs.
The co-occurrence of basic and silicic magmatism can be found in several continental rift zones, such as the Basin and Range Province in the western United States (see, for example, Draper, 1991) . Within the NAIP, andesitic to dacitic lavas and tuffs are found with basaltic lavas at the southeast Greenland margin (Larsen, Saunders & Clift, 1995) , the Vøring Plateau offshore of Norway (Eldholm, Thiede & Taylor, 1987) , as well as onshore and offshore of northern Scotland (Morton et al. 1988a ; Kanaris-Sotiriou, Morton & Taylor, 1993; Emeleus et al. 1996; Ritchie & Hitchen, 1996) . At the Rockall Trough and the Vøring Plateau, silicic lavas are overlain by basaltic lavas. The andesitic to dacitic magmas at these locations have compositions that are consistent with derivation from either organic-rich argillaceous sediments (Morton et al. 1988a ; Kanaris-Sotiriou, Morton & Taylor, 1993; Fitton et al. in press) or pelitic metasediments (Viereck et al. 1988) . At the southeast Greenland margin, dacitic lavas and tuffs are interlayered with basalt flows. The dacitic lavas were probably derived from the hybridization of basaltic melts and partial melts of granulitic and/or amphibolitic protoliths (Fitton et al. 1995, in press; Saunders, Larsen & Fitton, in press) . In this paper, we report new and summarize previously reported 40 Ar- 39 Ar incremental heating ages for silicic and basic lavas and tuffs from three of the offshore sections of the NAIP that display bimodal lavas. The relative timing of bimodal volcanism for each site as well as implications for the development of North Atlantic magmatism are discussed.
Site descriptions

2.a. North Rockall Trough-Hebrides Shelf
Several extrusive and intrusive centres occur within the offshore region to the north and west of Scotland (North Rockall Trough, Hebrides Shelf and Faeroe-Shetland Basin) (Abraham & Ritchie, 1991; Ritchie & Hitchen, 1996) . Some of the lavas have been recovered from commercial wells and British Geological Survey (BGS) boreholes. In this study, we have analysed material from the Darwin Igneous Complex (well 163/6-1A) in the North Rockall Trough and the southeastern feather-edge of the Hebrides Shelf lavas (boreholes 85/5B, 88/10, 90/4 and 90/7).
Drilling on the northwest flank of the Darwin Igneous Complex penetrated 689 m of basalt overlying at least 356 m of dacitic extrusives (Morton et al. 1988a) . Morton et al. (1988a) divided the basalts into an upper series with alkalic affinities and a lower series with compositions similar to mid-ocean ridge basalts (MORB). The cordierite-bearing dacites beneath the basalts are peraluminous and are considered to be the products of melting a sedimentary protolith (Morton et al. 1988a) . Reported K-Ar whole-rock age determinations (Morton et al. (Eldholm & Grue, 1995; Larsen & Jakobsdóttir, 1988) and drilling sites. The filled circles are the sites from which we report radiometric ages in Table 1 . Open circles are sites that are mentioned in the text. The inset shows detail of the Leg 152 sites.
1988a) for several of the dacites appear unreasonably old and can be attributed to excess radiogenic 40 Ar while the basalts and other dacites generally fall in the range of 58 to 51 Ma. The Erlend Complex lies about 500 km northeast of the Darwin Complex, and drill cores indicate a similar volcanic stratigraphy of basalts overlying peraluminous dacites (Kanaris-Sotiriou, Morton & Taylor, 1993) . Reported K-Ar ages for the Erlend dacites are 55 ± 2 and 54 ± 2 Ma (Hitchen & Ritchie, 1987) .
Boreholes 85/5B and 90/7 are located west of Isle of Lewis and about 100 km southeast of the Darwin Complex (Fig. 1) . The lava flows at both sites are overlain by Pliocene and Quaternary sediments (Stoker et al. 1988; Hitchen & Ritchie, 1993) . The basalts are fresh, rich in plagioclase (An 51-59 ) and possess compositions that are transitional between alkali basalts and olivine tholeiites (Stoker et al. 1988) . Pb isotopic ratios suggest that the 85/5B basalts were not contaminated by a crustal source (unpub. data, British Geological Survey). In contrast, the 90/7 lavas have Pb isotopic compositions indicating contamination from Lewisian basement (unpub. data, British Geological Survey). K-Ar ages from 85/5B are 63.1 ± 6.4 (± 1σ) Ma and 58.0 ± 6.2 Ma (Stoker et al. 1988) and 60.7 ± 1.4 and 62.4 ± 1.3 Ma from 90/7 (Hitchen & Ritchie, 1993) . Boreholes 88/10 and 90/4 are located north of Lewis and were drilled into subalkaline basalt (Hitchen & Ritchie, 1993) . K-Ar ages of a basalt clast from a conglomerate overlying the basalts at 88/10 are 52.1 ± 0.5 and 53.3 ± 0.5 Ma (Hitchen & Ritchie, 1993) . Sediments above the basement at 88/10 are of late Eocene age and those at borehole 90/4 are Quaternary age (Hitchen & Ritchie, 1993) .
On the southern Rockall Plateau-Hatton Bank, oceanic rocks were sampled at four sites (552, 553, 554 and 555) during DSDP Leg 81. The lavas at these sites are all consistently MORB-like in composition (Harrison & Merriman, 1984; Macintyre & Hamilton, 1984) . The lavas are no younger than late Palaeocene/early Eocene based on biostratigraphic studies of the overlying sediments (Roberts & Schnitker, 1984) and identification of oceanic magnetic anomalies (Vogt & Avery, 1974) . K-Ar dating of the DSDP Leg 81 lavas gave a range of ages, although two from Site 555, which yielded 52.3 ± 1.7 and 54.5 ± 2.0, are the most reliable according to Macintyre & Hamilton (1984) . Sinton & Duncan (in press ) reported ages of 57.6 ± 1.3 Ma and 57.1 ± 5.6 Ma for two poorly constrained 40 Ar- 39 Ar incremental heating plateaus from Site 555 basalts.
2.b. Vøring Plateau
The deepest penetration of the Vøring Plateau lavas was at Site 642 (Leg 104) where 914 m of lavas (121 flows) and volcaniclastic sediments were drilled. The lava sequence was divided into two distinct series separated by a 13-m-thick horizon of finely laminated mudstones and volcaniclastic sediments. The upper series is reversely magnetized and composed of subaerially erupted, MORB-like tholeiitic lavas, and the lower series consists of mixed basaltic and peraluminous andesitic lavas and tuffs (Eldholm, Thiede & Taylor, 1987) . Schönharting & Abrahamsen (1989) suggested that the lower series may be normally magnetized, but the data appear to be inconclusive. In this study, we have analysed one of the tuffs from the lower series.
The age of the Vøring Plateau lavas is constrained mainly with biostratigraphic information. Volcaniclastic sediments within the lower series lavas contain a dinoflagellate cyst assemblage that Boulter & Manum (1989) correlated with nannoplankton zone NP9. This interval coincides with the Palaeocene/Eocene boundary assigned an age of 55 Ma by Berggren et al. (1995) . Attempts to radiometrically date the Vøring Plateau lavas have provided variable and imprecise data. K-Ar dating of DSDP Leg 38 lavas gave ages ~46 Ma (Kharin et al. 1976) , much younger than the oldest overlying sediments. Rb-Sr isochrons of the lower lava series at Hole 642E are reported from two separate studies. LeHuray & Johnson (1989) used three unleached samples to produce an isochron of 57.8 ± 1.0 Ma. Taylor & Morton (1989) used five leached samples (three of which were used by LeHuray & Johnson, 1989) to calculate an imprecise fivepoint Rb-Sr isochron of 63 ± 19 Ma. The differing results from these two studies, and the possibility that the linear array of data represents a mixing line rather than an isochron, casts doubt on the accuracy and utility of the ages, although the results of LeHuray & Johnson (1989) generally agree with the fossil ages.
2.c. Southeast Greenland Margin
Leg 152 of the Ocean Drilling Program (ODP) drilled into the basaltic basement of the southeast Greenland SDRS at three sites (Fig. 1) . The lavas show a distinct evolution from initial magmas contaminated with a continental lithosphere component to later uncontaminated, oceanic lavas (Larsen, Saunders & Clift, 1995; Fitton et al. in press) . Two shelf sites (915 and 917) were located on the landward feather-edge of the SDRS overlying continental crust. An additional deep water site (918) penetrated the thick (~5-6 km: Larsen & Jakobsdóttir, 1988) , younger, main part of the SDRS. This section is associated with a broad magnetic low correlated with magnetic chron C24R age (Larsen & Jakobsdóttir, 1988) which is dated at 53-56 Ma (Berggren et al. 1995) .
Drilling at Site 917 penetrated a thick volcanic sequence (779 m) overlying steeply inclined, low-grade metamorphosed sandstones and siltstones. The volcanic stratigraphy at Site 917 was divided into three series of subaerially erupted lavas: a lower series of continentally contaminated basalts and rare picrites, a middle series of more evolved, continentally contaminated basalts, dacites and tuffs, and an upper series of basalts and picrites of MORB affinity (Larsen, Saunders & Clift, 1995) . The compositional change between the middle and upper series is marked by a sandstone unit as well as an increase in the degree of alteration and vesicle filling. At Site 915, only 10 m of lavas were penetrated. Further offshore at Site 918, a 12-m-thick sill or flow lies within early Eocene sediments 9 m above the basement lava flows.
Reliable ages ranging from 62 to 60 Ma were obtained from Site 917 lower and middle series (Sinton & Duncan, in press ) . Sinton & Duncan (in press) determined that the age of crystallization of the middle series lavas is best represented by a dacite (sample 152-917A-52R-1, 46-49 cm), which yielded an eight step age spectrum plateau of 62.1 ± 0.6 Ma, a concordant isochron age of 61.7 ± 1.2 Ma, and a near-atmospheric initial 40 Ar/ 36 Ar ratio (Table 1 ). These ages have been recalculated to a 520.4 Ma Mmhb-1 hornblende monitor mineral age (Samson & Alexander, 1987) which is used in calibrating the Berggren et al. (1995) timescale.
Analytical methods
All samples were examined in thin section to select the freshest possible material for analysis. Whole-rock samples from the Darwin Complex (163/6-1A JB-1) dacite and the borehole 90/4 basalt were cut into mini-cores (~2 mm long and 4 mm diameter; ~80 mg). Plagioclase grains were magnetically separated from crushed basalts from boreholes 85/5B, 88/10 and 90/7. The dacitic tuffs and lavas of the Site 642 lower series at the Vøring Plateau are generally altered and sample recovery was poor (Eldholm, Thiede & Taylor, 1987) , making them less than optimal samples for analysis. We selected the least altered section of what was described as a crystalbearing tuff in the lower series of ODP Site 642 (Eldholm, Thiede & Taylor, 1987) , although our sample was relatively crystal-poor. The sample was repeatedly cleaned in an ultrasonic bath of distilled water until the water remained clear. Under a binocular microscope, the cleaned sample appeared to consist predominantly of clean glass shards and few clear feldspar crystals, and an aliquot of each was separated under the microscope. All samples were ultrasonically cleaned in distilled water and dried. The plagioclase separates and pumice shards (30-50 mg) were wrapped in high-purity Cu foil. All samples were then sealed in evacuated quartz glass vials and irradiated for six hours at the TRIGA nuclear reactor facility at Oregon State University. Neutron flux during irradiation was monitored by FCT-3 biotite (27.85 Ma, equivalent to 520.4 Ma for hornblende Mmhb-1: Lanphere et al. 1990; Samson & Alexander, 1987; Berggren et al. 1995) placed at regular intervals between the samples. Age determinations were performed at Oregon State University using standard 40 Ar- 39 Ar incremental heating techniques (Duncan & Hargraves, 1990; Duncan & Hogan, 1994) using either an Associated Electrical Instruments MS-10S mass spectrometer or a Mass Analyzer Products 215-50 mass spectrometer attached to a low-blank extraction line.
Individual ages for each 40 Ar- 39 Ar step were calculated after corrections for background, mass fractionation, and . N refers to the number of steps used in the isochron calculation. Monitor mineral was FCT-3 biotite using an age of 27.85 Ma equivalent to 520.4 Ma for hornblende Mmhb-1 (Lanphere et al. 1990; Samson & Alexander, 1987) , to which the Berggren et al. (1995) timescale is calibrated.
* from Sinton & Duncan (1997) .
isotopic interferences and atmospheric argon content ( 40 Ar/ 36 Ar = 295.5) . From the heating steps, age spectrum diagrams (age vs. % 39 Ar released) were generated. Ar plateau ages were calculated from consecutive steps that are concordant within 2σ error using the procedure described in Dalrymple et al. (1988) , in which step ages were weighted by the inverse of their variance (Table 1) . Isotope correlation diagrams ( 36 Ar/ 40 Ar vs. 39 Ar/ 40 Ar) were also made for each analysis, in which the slope is proportional to the age (isochron) and the inverse of the y-intercept gives the initial 40 Ar/ 36 Ar composition. The isochrons are calculated using the same steps used in the Ar plateau ages except where noted (Table 1) .
We define a reliable age, that is, one that is representative of the crystallization age, based on the conservative criteria of Pringle (1993) : (1) a well-defined age spectrum plateau of at least three concordant consecutive steps that represents at least of 50 % of the total 39 Ar released; (2) a concordant isochron age in which the F-distribution statistic SUMS/(N-2) is below the cut-off value at the 95 % confidence level; (3) the 40 Ar/
36
Ar intercept is statistically indistinguishable (within 1σ) from the atmospheric value 295.5. The SUMS/(N-2) cutoff values are taken from table 2 of Pringle (1993) . For reference, three, four and five point isochrons will have cutoff values of 3.84, 3.00 and 2.60, respectively. If the value exceeds the cut-off value, then the scatter about the isochron cannot be attributed solely to analytical error and suggests additional geological or experimental disturbance.
Results
4.a. North Rockall Trough-Hebrides Shelf
Of the analysed samples from the Darwin Complex and the Hebrides Shelf boreholes, only two, the 163/6-1A JB-1 dacite and a plagioclase separate from borehole 85/5B yielded geologically meaningful results. The other samples gave discordant age spectra that can generally be attributed to a combination of alteration-related Ar loss, low K 2 O and excess 40 Ar. Sixteen heating steps were used in analysing the 163/6-1A JB-1 dacite ( Fig. 2; Table 1 ). The initial three steps gave relatively older ages while the remaining steps show a plateau with a mean age of 55.9 ± 0.3 Ma. An isochron fitted to the steps used in the age spectra plateau yielded a concordant age of 54.9 ± 1.7 Ma. The initial 40 Ar/ 36 Ar ratio given by the y-intercept (389.6) is above the atmospheric value (295.5), suggesting a slight component of excess 40 Ar. The 85/5B plagioclase separate was heated at seven discrete temperature steps, yielding a six-step plateau of 56.4 ± 0.7 Ma ( Fig. 2; Table 1 ). The isochron is concordant at 55.8 ± 1.8 Ma with an initial 40 Ar/ 36 Ar ratio slightly above atmospheric. The SUMS/(N-2) value is below the 95 % cutoff value. The age is statistically indistinguishable from the crystallization age of the 163/6-1A JB-1 dacite.
4.b. Vøring Plateau
An aliquot of the shards and an aliquot of the crystals were analysed in seven and six heating steps, respectively. The resulting age spectra for both analyses were somewhat disturbed, but nevertheless indicate a crystallization age 55-56 Ma.
The crystals contained little 39 Ar, suggesting that they are not K-rich feldspar but K-poor plagioclase. A thin section was not made nor were the crystals analysed by microprobe. The step age spectra from the feldspar crystals yielded a rough 'horseshoe' pattern, that is, the lowest and highest temperature steps are oldest and a plateau is generated by the middle steps. The two lowest age middle steps have a mean age of 56.4 ± 0.7 Ma (Fig. 2 ). An isochron of all the steps except the highest temperature step gave an isochron of 55.6 ± 2.0 Ma and a slightly elevated initial 40 Ar/ 36 Ar ratio (334.9). The analysis of the tuff glass yielded an age spectrum that can be interpreted two ways: a three-step plateau of concordant steps with a mean age of 56.2 ± 0.8 Ma or a six-step plateau of nonconcordant steps with a mean age of 54.3 ± 0.5 Ma (Fig.  2 ). An isochron fitted to six of the points gives an age of 53.9 ± 2.4 Ma. Overall, the analyses do not give a precise age of eruption of the tuff, but do indicate an age ~55 Ma. This age is consistent with the biostratigraphic age of the intercalated sediments (Boulter & Manum, 1989) .
Discussion
Bimodal volcanism (near contemporaneous basic and acid volcanism) is observed in modern extensional environments, such as the Basin and Range Province in the western United States (Hildreth, 1981; Draper, 1991) . The primary basic magmas are derived from partial melting of the sub-crustal mantle, but the silicic magmas are likely generated by melting a lithospheric or crustal protolith such as amphibolite (see, for example, Christiansen & Lipman, 1972) . The heat required to partially fuse the crust comes from injected basaltic magmas (see, for example, Patchett, 1980; Huppert & Sparks, 1988; Grunder, 1995) and requires a lithospheric structure that promotes stagnation and pooling of the basaltic melts. So, in terms of the NAIP, crustally derived silicic melts are indicators of a restricted magma plumbing system within a crustal section that is at least in part made up of continental crust. Table 2 summarizes the proposed mechanisms for the generation of the silicic magmas at the North Atlantic locations.
Based on our results, bimodal eruptions occurred at Site 917 at the southeast Greenland margin at 62-61 Ma, but by about 55 Ma (the probable age of the Site 915 and Site 918 basement lavas: Larsen, Saunders & Clift, 1995) , only depleted basalts without any evidence of crustal contamination erupted (Fitton et al. 1995, in press) (Fig. 3) . The dacites of the Site 917 middle series were probably derived from mixing a basaltic magma with a granulitic and amphibolitic contaminant (Fitton et al. in press) , not the metamorphosed sediments which directly underlie Step age spectra and isotope correlation diagrams from 40 Ar- 39 Ar incremental heating experiments for the Hebrides Shelf/Rockall Trough and Vøring Plateau samples. The thickness of the bar for each step age in the age spectrum indicates the 2σ analytical uncertainty in age. On the correlation diagrams, the isochron age is calculated from a weighted regression of the filled squares. The initial 40 Ar/ 36 Ar ratio shown is the inverse of the y-intercept.
the lava pile. The coexistence of picrites and differentiated basalts in the lower series indicates a mixed plumbing system that allowed some unrestricted melt flow from the mantle (picrites) as well as physical conditions that promoted magma storage and crystal fractionation. The period of time between the eruption of differentiated, crustally contaminated middle series and the eruption of the predominantly uncontaminated picritic upper series at Site 917 is not presently known due to the lack of radiometric ages for the latter section. However, the dramatic change in the compositions of the magmas suggests a major change in magmatic plumbing (Fitton et al. 1995) . Our data do not show that volcanism occurred at 62-61 Ma at the localities offshore of Scotland and Norway. However, we cannot preclude such a possibility because none of the boreholes drilled through the entire volcanic stratigraphy. In fact, tuffs interlayered between basalt flows on the Isle of Muck (Inner Hebrides) contain sanidine crystals that have been dated at 62.8 ± 0.3 and 62.4 ± 0.6 (2σ) Ma using laser 40 Ar- 39 Ar incremental heating techniques (Pearson, Emeleus & Kelley, 1996) . In addition, ash layers in sediments in the North Sea (Knox & Morton, 1988; Morton et al. 1988b ) also indicate mixed silicic and basic magmatism at 62-60 Ma in the region. This apparent bimodal magmatism suggests a restricted crustal structure similar to that of the southeast Greenland margin at this time.
At 55 Ma, silicic magmatism had ceased at the southeast Greenland margin but continued on the eastern side of the North Atlantic. The composition of the silicic lavas at the Darwin Complex, Erlend Complex and Vøring Plateau are consistent with a derivation from the melting of sediments, possibly organic-rich black shales or pelitic metasediments (Viereck et al. 1988; Morton et al. 1988a; Kanaris-Sotiriou, Morton & Taylor, 1993) . Until now, the time period between the eruption of the silicic lavas and the stratigraphically younger basaltic lavas at these sites was not well constrained. Our data indicate that andesitic-dacitic magmatism at the Darwin Complex and the Vøring Plateau occurred at 55 Ma. Stratigraphic relationships indicate that the basalts overlying the silicic lavas at the Darwin Complex (Morton et al. 1988a; Ritchie & Hitchen, 1996) and the Vøring Plateau (Eldholm, Thiede & Taylor, 1987) erupted very shortly after the silicic magmas (< 1 m.y.?) and this is supported by the 55 Ma age of the basalt from borehole 85/5B (100 km southeast of the Darwin Complex). Although the age of the Erlend Complex is not precisely determined, the dacites are probably not younger than 55 Ma (Ritchie & Hitchen, 1996) and the entire complex may have a history similar to that of the Darwin Complex.
At 55 Ma, only oceanic basaltic volcanism was occurring at the southeast Greenland margin (Larsen, Saunders & Clift, 1995) and on the southwestern Rockall Plateau at DSDP sites 552-555 ( Fig. 1 ; Brown & Downie, 1984; Harrison & Merriman, 1984; Macintyre & Hamilton, 1984; Sinton & Duncan, in press ) . The lack of 55 Ma differentiated and/or andesitic-dacitic lavas at these two locations is likely due to the location of the drill sites on or seaward of the transition between continental and oceanic crust (Larsen, Saunders & Clift, 1995) . In contrast, the Darwin Complex/Hebrides Shelf and Vøring Plateau (Eldholm, Thiede & Taylor, 1987) sites lie landward of this transition zone. It is conceivable that by 55 Ma, there was extremely attenuated continental crust or none at all beneath the lavas at the southeast Greenland margin and the Rockall Plateau, whereas there was an abundant supply of sediments or continental crust beneath the sites offshore of Scotland and Norway.
It is intriguing that three separate localities offshore of Europe show a stratigraphic succession from crustally derived andesitic-dacitic magmatism to basaltic magmatism. Our data reveal that the change occurred over a geologically short time span. We speculate that at 55 Ma, a change in the extension rate in the region allowed the rapid ascent of basaltic magma with minimal interaction with the underlying sediments. The lavas lying above the dacites at the Darwin Complex (Morton et al. 1988a) and the lavas at the Hebrides Shelf site 85/5B (unpub. data, British Geological Survey) show little evidence of contamination from a crustal source, consistent with such a possibility.
Our data are significant in the overall evolution of the NAIP. The 62-61 Ma magmatism at the southeast Greenland margin and the inner Hebrides of Scotland (Pearson, Emeleus & Kelley, 1996) occurred simultaneously with picritic and basaltic magmatism at West Greenland (Chalmers & Larsen, 1995) . This widespread initial magmatism may have been due to the arrival of the Iceland mantle plume at the base of the Greenland lithosphere (see, for example, Hill, 1991; Saunders, Larsen & Fitton, in press; Sinton & Duncan, in press) . At this point, the Labrador Sea had opened (Srivastava & Tapscott, 1986) , and so the 60-61 Ma West Greenland lavas (Storey et al. in press) erupted unimpeded by an overlying cap of continental lithosphere. In contrast, Greenland and northern Europe had not yet separated, so the movement of mantle-derived basalts was restricted. This allowed heating and melting of the continental crust in contact with basaltic intrusions and led to bimodal magmatism at the surface. It was not until plate separation at 56-54 Ma that widespread, unrestricted basalt magmatism could occur at the continental margins (southeast Greenland and southwest Rockall Plateau). Our data indicate that magmatism occurred not only at the zone of plate separation, but also landward of the ocean-continent transition on the European side. At the Rockall Trough, pre-existing sediment-filled basins provided a fusible protolith from which silicic magmas were generated from heat supplied by basaltic intrusions. The same mechanism may have been in play at the Vøring Plateau, but the protolith may have been pelitic metasediments of the continental crust (Viereck et al. 1988) .
Conclusions
Similar to some modern extensional environments, the continental rifting that preceded the formation of the North Atlantic ocean was characterized by the contemporaneous eruption of silicic and basic lavas. We have examined several offshore locations of the North Atlantic Igneous Province that display such bimodal volcanism: the Southeast Greenland Margin, the North Rockall Trough-Hebrides Shelf and the Vøring Plateau. Previous authors have demonstrated that all of the basalts are derived from the sublithospheric mantle (various depths, sources and degrees of melting) but the silicic magmas were derived from anatexis of continental crustal protoliths, possibly mixed with a basaltic component (Viereck et al. 1988; Morton et al. 1988a; Kanaris-Sotiriou, Morton & Taylor, 1993; Fitton et al. 1995, in press ) . Our radiometric age determinations show that dacitic magmatism in the northern Rockall Trough (Darwin Complex) and Vøring Plateau occurred at 55 Ma. The time period between the eruption of silicic lavas and overlying basaltic lavas at these sites appears to be very short (≤ 1 m.y.). This is consistent with the 55 Ma age of a basalt from the Hebrides Shelf (85/5B).
The initial eruptions of picrites at West Greenland (Chalmers & Larsen, 1995) and of interlayered silicic and Figure 3 . Compilation of new radiometric ages presented in this paper and published ages from the southeast Greenland margin (Sintonbasic lavas at the Southeast Greenland Margin (ODP Site 917) and the northern United Kingdom (Mussett, Dagley & Skelhorn, 1988; Morton et al. 1988b; Pearson, Emeleus & Kelley, 1996) were probably the result of the arrival of the Iceland mantle plume. The occurrence of > 60 Ma silicic lavas on the East Greenland-European margin, in contrast to West Greenland, is best explained by the presence of a continental lithospheric cap that allowed the ponding of basaltic melts and subsequent melting of the crust. The melted crust produced silicic magmas that could have either erupted without mixing or mixed with fractionated basaltic magmas. At 55 Ma, continental Greenland and Europe were separated and only oceanic basalts were erupted along the plate margins. Our data indicate that magmatism occurred not only at the plate margins, but also landward of the ocean-continent transition on the European side. At these locations, preexisting sediment-filled basins provided a fusible protolith from which silicic magmas were generated from heat supplied by basaltic intrusions.
